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A B S T R A C T   
Hydrophobization lessens the water absorption by facade materials and is thus presumed to reduce moisture problems in internally insulated facades. However, to do 
this it should retain the water repellency performance throughout aging. The aim of this study is to evaluate the impact of aging on the durability of the hydrophobic 
treatment on bricks and mortars. The resulting absorption coefficient, after 635 repeating artificial aging cycles of alternating UV radiation (102 min) and water 
exposure (18 min) reveals that the hydrophobic layer maintains its water repellency performance both in brick and mortar. The samples were treated with two 
different water repellent agents in different concentrations and tested for capillary water uptake. Additionally, the findings show that cycles of weathering could 
contribute positively to further reduction of the absorption coefficient of hydrophobized brick and mortar samples. Subsequently, Karsten tube tests on samples from 
artificial aging illustrate the same water repellency performance as mock-up walls exposed to ambient conditions, six years after being hydrophobized. Contact angle 
measurements before and after artificial aging reveal that the beading effect declines through aging. However, the beading effect seems to be just a surface effect 
affected by UV-light. Moreover, after aging, hydrophobized brick and mortar samples, tested by visual inspection, maintain their appearance while untreated samples 
show signs of efflorescence. In total, these findings indicate that the water uptake of hydrophobized brick or mortar remains very low after aging including water 
spraying and UV light.   
1. Introduction 
Denmark is targeting to be independent of fossil fuels by the year 
2050 [1]. In the EU, existing buildings represent 99% of the building 
stock [2], which accounts for about 40% of the total energy consumption 
[3]. 10%–40% of these buildings [4] are historical, high 
energy-consuming buildings [3,5–7]. The household’s energy con-
sumption within EU-27 is dominated by space heating in a percentage of 
67% [8]. Often such buildings have worth preserving solid facades, 
making internal insulation the only feasible technique for thermal 
insulation [9]. Internal insulation itself can reduce the heat losses of a 
wall by 76% in the case of mineral wool plus vapor barrier and 63% in 
the case of CaSi, in a climate like Copenhagen [10]. However, internal 
insulation may lead to moisture-related problems [4,5,11–14]. The main 
source of the problems derives from the accumulated moisture load from 
wind-driven rain [15,16], and internal insulation negatively affects the 
drying potential of the masonry wall [12,17–19]. Studies comparing the 
overall hygrothermal performance of internally insulated solid masonry 
walls, tend to suggest vapor open and capillary active internal insulation 
systems to counterbalance the reduced inward drying [5,20]. However, 
applying water repellent agent in the internally insulated wall 
practically eliminates the absorption of the wind-driven rain [21–24]. 
Moisture transfer in building materials plays a vital role in the 
durability and thereby sustainability of built structures [12,25,26]. 
Absorption of moisture is the main mechanism for the deterioration of 
porous building materials and the starting point for many 
moisture-related damages in the building structure potentially affecting 
the durability. Moreover, absorption of moisture increases the thermal 
conductivity of building components resulting in increased heat losses 
[10,21]. So, water absorption that remains at low levels over time en-
hances the durability of the porous building materials and consequently 
the durability of the whole structure. Hydrophobization is proven to 
significantly reduce the absorption coefficient of both brick and mortar 
and at the same time to allow water vapor diffusion, thus not fully 
impeding the drying of the material [21,22]. But there is very little 
experience in the literature about the durability of the hydrophobic 
treatment of brick masonry and brick and mortar samples, especially 
regarding the possible changes of the absorption coefficient of hydro-
phobized brick and mortar. Some studies however, have used Karsten 
tube tests to measure water uptake on hydrophobized aged masonry [27, 
28] and on aged brick and natural stone samples [29]. White efflores-
cence is widely known as an aesthetic problem of brick masonry, where 
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water transport plays an essential role [30,31]. Concrete impregnated 
with a water repellent agent in cream form illustrates resistance against 
salt formation [32] but there are no similar studies for brick and mortar. 
Each of these factors highlights the need to investigate the durability of 
hydrophobized masonry and prior to that, the durability of masonry 
components, i.e. hydrophobized brick and mortar samples, expressed by 
the absorption coefficient, as well as the appearance of the hydro-
phobized materials after aging. Moreover, even though contact angle 
measurement is not a precise indicator to assess the water repellency 
performance [33], comparing the contact angle in hydrophobized ma-
terials before and after artificial aging could provide information on the 
influence of the aging on the beading effect. 
By providing an artificial aging test with hydrophobized brick and 
mortar samples this paper aims to meet this need. It begins by describing 
the building materials and water repellent agents used for this study as 
well as describing the methodology for artificial aging and the experi-
ments conducted to investigate water absorption, beading effect, and 
discoloration through aging. This is followed by a section presenting 
how the absorption coefficient of the hydrophobized materials develops 
after several rounds of repeating cycles of artificial aging. A supple-
mentary section, using Karsten tube tests, compares the water uptake of 
the samples used in the artificial aging with mock-up walls constructed 
with the same building materials. A subsequent section presents results 
from contact angle measurements on hydrophobized samples before and 
after artificial aging. It also considers the discoloration of untreated 
samples after artificial aging. Finally, the paper discusses the results, 
contrasting them with previous work. 
2. Materials and methods 
2.1. Target building materials 
The building materials used in the current study were selected to 
represent building materials to be found in a typical Danish building 
from before 1950 (see Table 1); soft-molded brick and air-lime mortar. 
Further, cement mortar was included, as it is common practice in 
Denmark to perform repointing of mortar joints before impregnation, 
normally with cement mortar. 
The yellow soft-molded brick from Helligsø Teglvaerk in Denmark 
imitates a historic Danish brick and its properties have been thoroughly 
analyzed [10,21,22,34–37]. Further, historic brick samples were ob-
tained from an old building in Denmark constructed in 1944 in order to 
test a brick that was exposed to actual weathering before hydro-
phobization. Material properties of the historic brick could be found in 
Refs. [10,21]. 
Most of the old masonry buildings in Denmark have been constructed 
with air lime mortar. The air lime mortar used in this study was supplied 
as ready-mix from Wewers and mixed with tap water to form fresh 
mortar which was placed in molds for casting. In order to imitate the 
mortar being placed towards bricks as in a brick masonry, wound 
cleaning swabs were placed at both sides of the molds (top and bottom) 
and the samples were placed in a climatic chamber (65% RH, 20 ◦C) for 
one month [38]. For the air lime mortar samples to represent a historic 
type of air lime mortar that has been part of brick masonry for many 
years [39], the samples were placed in a carbonation chamber (1% CO2 
exposure) for three months. The air lime mortar samples were tested 
with phenolphthalein and they were fully carbonated. 
The type of cement mortar supplied from Wewers is the one that is 
usually used to repoint mortar joints in Denmark and has not been 
carbonated in order to represent a fresh cement mortar used to re-point 
the mortar joints before impregnation. 
The size of the tested samples was 2 × 5 × 15 cm to fit the Atlas 
weather-ometer (see section 2.4 Experimental set-up). 
2.2. Selected water repellent agents 
The selected water repellent agents (Table 2) are ready-to-use, in 
cream form, as cream products are widely used nowadays due to their 
easy application and long contact time that requires just a single treat-
ment [21]. Further, liquid and cream-based products are shown to have 
the same effect in terms of water repellency on brick and mortar samples 
[21]. Funcosil Remmers FC cream is a water-based silane cream, rec-
ommended for mineral substrates, that can be ordered in any possible 
concentration [40], but commonly used in Denmark with a 40% con-
centration. The Wacker BS cream C is a water-based silane cream in 80% 
concentration that is recommended for concrete [41]. 
Table 1 
Building materials used in the current study.  
Name Description 
Y brick Yellow soft-molded Danish brick from Helligsø Teglværk 
H brick Historic Danish Brick from an old building in Copenhagen (1944) 
AL mortar Carbonated air lime mortar with aggregates of 0–4 mm grain size (7.7%) (Wewers) 
C mortar Cement mortar with aggregates of 0–4 mm grain size (Wewers)  
Table 2 
Water repellent agents used in the current study.  
Product Company Type Form Diluent Concentration Substrate 
FC Remmers Silane Cream Water 40% Mineral 
BS Wacker Silane Cream Water 80% Concrete 
Information derived from the technical data sheets of the products. Both water repellent agents are mainly silane but they contain small percentage of siloxane. 
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2.3. Hydrophobic treatment 
Samples of all types were cleaned with a brush to remove dirt and 
dust and washed with deionized water to prevent absorption of extra 
salts. Then, they were stored in an oven at 55 ◦C, so that moisture from 
the intense water exposure could evaporate. When reached a stable 
weight (after 4–5 days), the samples were cooled down to room tem-
perature. For impregnation with cream products the minimum recom-
mended amount, 150–200 ml/m2, was applied with a brush [40]. Only 
one face (5 × 15 cm) was treated with a water repellent agent. The 
opposite face was left untreated, while the four smaller faces were 
waterproofed with epoxy resin. Finally, the samples were stored at room 
temperature and relative humidity for one month of curing. 
2.4. Experimental set-up 
The durability of the hydrophobic layer was characterized by the 
ability to repel liquid water and the ability to keep the substrate clean 
from dirt and possible efflorescence. Table 3 describes how the study has 
been conducted. 
To evaluate the durability of the hydrophobic surface treatment on 
brick and mortar, artificial aging was conducted, according to ISO 
4892–2 [42], with Atlas Ci 4000 weather-ometer, at the Danish Tech-
nological Institute, Taastrup (Fig. 1). ISO 4892 [42] is targeted at the 
durability of plastics but its key features (UV radiation and water spray) 
are in line with [29], also performing artificial weathering of hydro-
phobized porous building materials in Atlas weather ometer. The sam-
ples were placed in plastic holders that cover the edges (from the 75 cm2 
of the samples’ face surface, only 57.8 cm2 are exposed to water spray 
and UV radiation). The plastic holders were placed on a carousel, inside 
a climatic chamber. The samples were exposed to sprayed water and UV 
radiation only from the interior of the carousel. The water repellency 
performance is evaluated by the water absorption coefficient (Acap) of 
the samples, obtained via water uptake tests in accordance with [43], as 
described in Refs. [44,45]. The samples were placed in a plastic 
container with deionized water that covered less than one cm of the 
sample, over plastic net support, for 1-D free capillary water uptake. The 
mass of the sample was determined with a balance reading 0.001 g and 
the samples were wiped with wet paper before each measurement. Since 
impregnation decreases the rate of capillary water uptake, the water 
uptake tests for the impregnated samples lasted for 24 h and the time 
intervals for the measurements were: 10′, 30′, 1h, 1h 30′, 2h, 3h, 4h, 7h, 
9h, and 24h. When displaying water uptake in kg/m2 towards √seconds 
does not produce a straight line but a curve of some form, Acap is defined 










For the untreated samples, the water absorption coefficient was 
measured before and after artificial aging. For the treated samples, 
capillary water uptake tests were carried out one month after the 
application of the water repellent agent, during artificial aging (every 
two weeks), and after artificial aging. Before each measurement, the 
samples were dried in an oven at 55 ◦C and then cooled down at room 
temperature. Each result is an average based on three samples. The 
whole procedure of artificial aging consisted of 635 cycles and the water 
absorption coefficient measurements were carried out after 165, 335, 
482, and 635 cycles. One cycle consisted of:  
102 min: Lamp Xennon 
Irradiance level: 0.5 W/m2 at 340 nm (UV) 
Back panel temperature: 63 ◦C 
Chamber temperature: 38 ◦C 
Relative humidity: 50% 
Specimen water spray: off 
Back water spray: off 
18 min: Specimen water spray (deionized): 0.2 L/min, pressure: 138–344 kPa (20–30 
psi) 
The rest of the weathering test conditions remained the same  
The 635 cycles used in the present study were selected to represent 
similar exposure hours to UV radiation and water spray as in De Witte 
[29]. There is no official equivalence of the artificial cycles to actual 
years. 
As a first approach to translate the artificial weathering cycles to 
actual years, vertical Karsten tube tests were conducted on the samples 
after 635 cycles. The results were compared with horizontal Karsten 
tube tests, conducted on bricks and mortar joints (covering also a small 
area of brick) of mock-up walls constructed with Yellow brick and air 
lime mortar at the Technical University of Denmark and impregnated 
with FC 40% in February 2015 [37], about 6 years before the artificial 
aging test. 
Both vertical and horizontal Karsten tube tests consist of a 30 mm 
diameter dome (3 cm2 test area) attached to a glass tube of 10 cm head of 
water (15 ml volume), a pressure roughly corresponding to double the 
wind pressure of a hurricane. The Karsten tube is pasted onto the sub-
strate to be tested using plasticine as a sealing material. The drop in the 
Table 3 
Laboratory experiments. Test plan including measured properties, type of tests, sample size and amount, type of material, and water repellent agent.  
Material (No. of samples for each type) Treatment 0 cycles 165 cycles 335 cycles 482 cycles 635 cycles 
Water absorption coefficient (Acap) by capillary water uptake (2 £ 5x15 cm samples) 
Y brick, H brick, AL mortar, C mortar (3) Untreated X    X 
Y brick, H brick, AL mortar, C mortar (3) FC 40% X X X X X 
Y brick, H brick, AL mortar, C mortar (3) BS 80% X X X X X 
Water absorption by Karsten tube (2 £ 5 £ 15 cm samples) 
Y brick, H brick, AL mortar, C mortar (3) Untreated     X 
Y brick, H brick, AL mortar, C mortar (3) FC 40%     X 
Y brick, H brick, AL mortar, C mortar (3) BS 80%     X 
Water absorption by Karsten tube (1 £ 2 m walls) 
Y brick and AL 
mortar mock-up walls (3) 
Untreated Tested at mock-up walls, 
exposed outdoor for 6 years before Karsten tube test FC 40% 
Contact angle (γ) by dropsnake method (2 £ 5 £ 15 cm samples) 
Y brick, H brick, AL mortar, C mortar (3) Untreated      
Y brick, H brick, AL mortar, C mortar (3) FC 40% X    X 
Y brick, H brick, AL mortar, C mortar (3) BS 80% X    X 
Discoloration by visual inspection (2 £ 5 £ 15 cm samples) 
Y brick, H brick, AL mortar, C mortar (3) Untreated X    X 
Y brick, H brick, AL mortar, C mortar (3) FC 40% X    X 
Y brick, H brick, AL mortar, C mortar (3) BS 80% X    X  
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water level is recorded every minute for 11 min and the water absorp-
tion in ml/min is calculated by taking the average of the last 10 mea-
surements. The first minute is not taken into account, to avoid surface 
wetting to be included in the results. In order to maintain steady water 
pressure, the water in the tube is kept during the test by adding more 
water every time 1 ml of water is absorbed [46]. 
Contact angle measurements took place, as an indicator for the 
beading effect before and after artificial aging. The measurements were 
performed on 3 μl (microliter) water droplets placed on the treated 
surface of the materials via pipette. The shape of the droplets was 
recorded by a CCD camera and the resulting images were analyzed by 
DropSnake [47,48], a plugin for ImageJ software, similarly to Ref. [49]. 
The contact angles were measured immediately after the droplet fell on 
the surface. 
The substrates of both untreated and treated samples were inspected 
visually for potential discoloration after the artificial aging. 
Fig. 1. Test setup for artificial aging. A) Atlas Ci4000 weather-ometer and B) test specimens on carousel sample holder inside the chamber.  
Fig. 2. Capillary water uptake of Y brick, H brick, C mortar, AL mortar, untreated and impregnated with Remmers FC cream 40% and Wacker BS cream C 80%. 1: 1st 
water uptake before artificial aging, 2: 2nd water uptake after 165 cycles of artificial aging, 3: 3rd water uptake test after 335 cycles of artificial aging, 4: 4th water 
uptake after 482 cycles of artificial aging, 5: 5th water uptake after 635 cycles of artificial aging. Each point of each curve is the average value of the respective 
measurements of three different samples. 
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Fig. 3. Capillary water uptake of a) Y brick, b) H brick, c) AL mortar, d) C mortar, impregnated with Remmers FC cream 40% and Wacker BS cream C 80%.1: 1st 
water uptake before artificial aging, 2: 2nd water uptake after 165 cycles of artificial aging, 3: 3rd water uptake test after 335 cycles of artificial aging, 4: 4th water 
uptake after 482 cycles of artificial aging, 5: 5th water uptake after 635 cycles of artificial aging. Each point of each curve is the average value of the respective 
measurements of three different samples. 
Fig. 4. Water absorption coefficient by capillary water uptake test of Y brick, H brick, AL mortar, C mortar, untreated and impregnated with Remmers FC cream 40% 
and Wacker BS cream C 80%. Acap 1: absorption coefficient before artificial aging, Acap 2: after 165 cycles of artificial aging, Acap 3: after 335 cycles of artificial 
aging, Acap 4: after 482 cycles of artificial aging, Acap 5: after 635 cycles of artificial aging. Each result is an average based on three samples, error bars correspond to 
standard deviation. 
V. Soulios et al.                                                                                                                                                                                                                                 
Building and Environment 201 (2021) 107994
6
3. Results 
3.1. Capillary water uptake test before/after artificial aging 
Fig. 2 illustrate the capillary water uptake curves both of untreated 
and treated samples during the artificial weathering while Fig. 3 shows 
only the treated samples. The water uptake curves of all the treated 
samples were significantly reduced compared to untreated. The mois-
ture mass difference against sqrt(s) did not give a straight line, but could 
follow a curve of some form (Fig. 3). 
Fig. 4 focuses on the water absorption coefficient of the different 
samples during the testing period. The untreated samples did not show 
Fig. 5. Water absorption by Karsten tube test, Y brick, H brick, AL mortar, C mortar, and mock-up wall, untreated and impregnated with Remmers FC cream 40% and 
Wacker BS cream C 80%. “Sample” refers to samples from artificial aging, “wall” and “mortar joint” refer to mock-up wall measurements on brick and mortar joints 
respectively. Each result is an average based on three measurements, error bars correspond to standard deviation. 
Table 4 
Water droplets in hydrophobized surfaces before and after artificial aging.   
FC 40% BS 80%  









In the case of mortar samples treated with FC 40%, after aging, it was not possible to take a picture of the droplets, since they were not forming sufficient spherical 
droplets. 
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significant changes in the water uptake after 635 cycles of aging. All 
treated samples showed reduced water uptake after treatment, and the 
water uptake was further reduced during the aging period. 
The absorption coefficient on the first test before aging was reduced 
approximately by a factor of 200 due to hydrophobization (e.g Y brick 
treated with FC 40%, Acap1: 0.00104 kg/m2s1/2 from untreated Acap: 0.2 
kg/m2s1/2) and was further reduced by a factor of more than 1000 
(Acap5: 0.00016 kg/m2s1/2) after aging for all the tested materials, 
compared to untreated. Consequently, the ability of the hydro-
phobization to reduce water uptake is not diminished by the performed 
artificial aging. The absorption coefficient seems to be positively influ-
enced by artificial aging since it is further reduced during the process of 
repeated cycles. 
3.2. Karsten tube measurements 
The Karsten tube test, as an additional indicator, supported the 
observation that hydrophobization blocked liquid water transport even 
after aging in brick and mortar since the water penetrated neither 
samples nor brick and mortar joints of the mock-up wall hydrophobized 
six years ago (see Fig. 5). Also, the water absorption of untreated brick 
and mortar samples was similar to untreated bricks and mortar joints of 
the mock-up walls, as seen in Fig. 5. 
3.3. Contact angle measurements 
Contact angle measurements provide additional information for the 
surface behavior of the hydrophobized building materials. The level of 
contact angle was similar between brick and mortars but for all the 
materials there was a tendency of reduced contact angle after artificial 
aging. In the case of C mortar and AL mortar impregnated with FC 40% 
the contact angle after aging was significantly reduced, making the 
capture of the droplet image challenging (see Table 4 and Table 5). 
3.4. Discoloration of untreated samples after aging 
The exterior appearance of the treated substrates remains clear after 
artificial aging while the untreated samples reveal a discoloration (white 
stains) as shown in Table 6. The discoloration on the untreated mortar 
samples may not appear clearly on the pictures but it was noticeable by 
the naked eye. 
4. Discussion 
The present study examined the effect of accelerated weathering on 
untreated and hydrophobized brick and mortar samples. The results 
show that silicon-based water repellent agents in cream form can create 
a durable hydrophobic layer that maintains both its water repellency 
performance and its appearance through artificial aging (exposure to UV 
radiation and water spray) but loses its beading effect. 
The absorption coefficient of the untreated samples was not signifi-
cantly affected by artificial aging. For the hydrophobized samples, the 
absorption coefficient was negligible compared to that of the untreated, 
revealing more than 99% reduction for all the tested materials before, 
during, and after artificial aging. However, by carefully observing Fig. 4, 
the after-treatment water exposure and longer curing time appeared to 
improve the water repellency performance of hydrophobized samples, 
as absorption coefficient (Acap) was further reduced, in all the tested 
materials, especially between first and second capillary water uptake, as 
also reported in Ref. [21]. 
Two different types of brick, one type of air lime mortar and one type 
of cement mortar, all representing materials present in historic Danish 
buildings, illustrated the same behavior in terms of water repellency 
during aging resulting in very low absorption coefficients. Although air 
lime does not contain hydroxylated surfaces, the active ingredient was 
able to form irreversible bonds with the pore walls of the air lime mortar, 
since mortar also contains sand that has hydroxylated surfaces and thus 
kept the very low absorption coefficient after accelerated weathering 
similar to hydraulic lime mortar [21] and cement mortar (Fig. 4). 
The mock-up walls were built with the same types of brick and 
mortar that were used as the samples that underwent artificial aging. 
Moreover, they were impregnated six years earlier (Feb 2015) with a 
water repellent agent included in the artificial aging tests (FC 40%). 
Both the Y brick and AL mortar samples and the Y brick and AL mortar 
joints illustrated zero penetration of water when tested with Karsten 
tube (Fig. 5). This is an indication that the artificial aging cycles cor-
responded to at least 6 years in real life, with the limitation that the 
artificial cycles do not include frost cycles. 
Karsten tube tests show that the hydrophobic layer of a lime plaster 
facade impregnated with liquid water repellent agents can stay durable 
and repel liquid water even after 50 years [27]. In line with these 
findings, van Hees [28] reported that the effectiveness of the hydro-
phobic treatment, with liquid products, can last even more than 30 years 
after testing with Karsten tube over 60 case studies in three different 
countries (Netherlands, Belgium, Italy), but the effectiveness of the 
treatment is quite variable even within one wall. Cream-based water 
repellent agents became commercially available in the early 2000s [21], 
after [40] was published but no studies on the durability of cream-based 
products on brick and mortar have been reported in the literature. Fig. 5 
illustrates that treatment of masonry with cream-based water repellent 
agents also stayed durable and repelled liquid water in a mock-up wall 
impregnated six years ago. The results depicted in Figs. 4 and 5 are in 
agreement with a test of hydrophobized brick and natural stone samples 
in Atlas weather-ometer [29]; their performance did not decrease with 
aging, although it might decrease when concentrations of water repel-
lent agents lower than recommended were used. According to tests 
including freeze-thaw cycles, which neither the current paper nor [29] 
include, impregnated concrete maintained its effectiveness in terms of 
water repellency, tested with capillary water uptake, after aging [50]. 
However, observations regarding concrete are not necessarily valid for 
mortar or especially brick, since they are quite different building 
materials. 
Capillary water uptake and Karsten tube tests illustrated that 
hydrophobization blocked the liquid water absorption of brick and 
mortar and showed the effectiveness and durability of hydrophobization 
after artificial aging with water spray and UV-light. The water repellent 
agents used in this study contain emulsifiers that allow the active 
ingredient to be mixed with water as a ready-to-use mixture. After the 
application of the water repellent agent, hydrolysis and poly conden-
sation take place, requiring the presence of water. With these processes, 
the alkoxy groups (-OH) of the active ingredient molecules create irre-
versible bonds with the pore walls of the building material and the alkyl 
Table 5 
Contact angle measurements before and after artificial aging.   
Y brick H brick C mortar AL mortar  
FC 40% BS 80% FC 40% BS 80% FC 40% BS 80% FC 40% BS 80% 
Before aging (γο) 130 (8) 128 (4) 124 (3) 123 (1) 130 (5) 125 (7) 132 (9) 130 (9) 
After aging (γο) 104 (4) 111 (3) 91 (15) 121 (4)  111 (6)  109 (9) 
In the case of mortar samples treated with FC 40%, after aging, it was not possible to measure the contact angle of the droplets, since it was significantly reduced. Each 
result is an average based on three samples. The values in () correspond to the standard deviation. 
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groups (-R) provide the hydrophobic properties to the compound. Wind 
driven rain will then “wash off” the emulsifiers and the active ingredient 
forms new bonds with the pore walls of the building material making the 
hydrophobic layer stronger, reducing the Acap further and inducing 
redistribution of the active ingredient deeper inside the material. 
Complementary to that, water coming from rain, or as a by-product of 
condensation reaction, acts as a reactant in the first part of polymeri-
zation (hydrolysis) [51]. Over time, this effect becomes less noticeable, 
since there is less active ingredient to form new bonds with the pore 
walls of the building material [21]. 
However, the four tested substrates showed a tendency of contact 
angle reduction after artificial aging that caused a declined beading 
effect (droplet formation on the facade during rain events). The contact 
angle reduction was more obvious to the cream with a lower concen-
tration (40%) (Tables 4 and 5). The sample holders covered the edges of 
the samples (4.5 mm thickness). In this area, which was not exposed to 
UV radiation, the contact angle was not reduced after artificial aging in 
any sample. Since the whole surface of the samples was exposed five 
times to water uptake for 24 h, there was an indication that the exposure 
to UV radiation and not the exposure to water was responsible for the 
reduction of the beading effect after aging. 
UV radiation, due to its high energy, can cause the formation of free 
radicals (i.e. molecules with an excess of electrons), which can cause 
degradation on polymeric surfaces [52]. The hydrophobic effect can be 
broken down by UV radiation, as manifested by the gradual decrease of 
the contact angle on the substrate (reduced beading effect). In concrete, 
UV light has been reported to break the Si–O–Si bonds between hydro-
phobic molecules and the substrate [50]. However, this only occurs in 
the outermost layer of the substrate, since UV light cannot penetrate 
deeper in the material [53]. UV radiation was not critical in terms of 
Table 6 
Substrate appearance of Y brick, H brick, C mortar, AL mortar after 635 cycles of artificial aging.   





Each case is represented from 3 samples placed in the sample holder as it was located during the artificial weathering experiment except the AL mortar where the 
untreated and the treated with BS 80% is represented by two samples. 
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water absorption performance, because the Si–O–Si bonds remained 
intact in the subsurface [50] of brick and mortar, and liquid water did 
not penetrate into the materials (see Figs. 4 and 5). After aging, the 
exterior surface of the substrate may lose its hydrophobicity, although 
the inner layers of the building material keep their hydrophobic prop-
erties. Complementary to the current study, spectroscopic and micro-
scopic techniques could be performed in order to investigate further the 
influence of UV radiation to the hydrophobic treatment. 
The beading effect is not necessarily an indicator of good hydro-
phobic treatment and is not always desirable for the building owner, 
who wants to maintain the exact appearance and visual behavior of the 
facade (personal communication with Corne van Hamont, Wacker’s 
representative). However, the beading effect could last longer by 
applying a higher percentage of siloxane [21] and higher concentrations 
of the active ingredient (see Table 5). 
Artificial aging revealed that hydrophobization acts positively in 
retaining the exterior appearance of the samples since contrary to 
treated samples, all the untreated samples revealed white stains (efflo-
rescence) after artificial aging (see Table 4). The migration of salts to the 
exterior surface is due to salts present inside the materials since the 
samples were sprayed with deionized water during the artificial aging. 
Efflorescence should be avoided as it is an aesthetic problem that harms 
the prestige of the building [30]. 
Mortar joints are regarded as the weak point of a masonry facade 
[28], however, they are not easy to characterize with a Karsten tube test. 
During Karsten tube tests on the mock-up wall (Fig. 5) it was challenging 
to adjust the glass tube on the mortar joints without having leakages. 
Especially, in buildings with concave mortar joints, it would be very 
difficult to test the water uptake with the Karsten tube test. Karsten tube 
is an accurate method for testing water uptake on bricks but it is more 
difficult to give accurate results on mortar joints [54]. Additional in-situ 
measurement equipment, not available for this study, covers wider wall 
areas [55]. However, the impregnation depth is reported to be lower in 
mortar samples and mortar joints than in bricks [21,28], and the pos-
sibility of cracks after treatment is higher in mortar joints, as well as in 
the interface between bricks and mortar joints. Moreover, brick absorbs 
the water repellent agent much faster than mortar [21]. During the 
application process of the cream products, a percentage of the cream 
placed in the mortar joints would be absorbed by the brick, leaving less 
active ingredient for the mortar joints. Furthermore, since the beading 
effect is reduced due to UV radiation exposure, the water is being 
absorbed into the first mm of the substrate and during winter this water 
may freeze, expanding its volume and induce spalling. If this continues 
to occur and mortar joints start to crumble, cracks may reach untreated 
areas after years. This could also happen to brick although less possible 
as the impregnation depth is larger [21]. These observations indicate 
that mortar joints should be studied further. 
The impregnation depth could be increased by applying a higher 
amount of water repellent agent than recommended and by increasing 
the concentration of the active ingredient [21]. However, longer curing 
time and after-treatment water exposure are needed to reveal an 
improved performance cf. Fig. 4 and [21]. For that reason, the hydro-
phobic performance of a hydrophobized wall is expected to improve 
with longer curing time and rain exposure in a period of months after the 
treatment. Moreover, the water repellency performance should be tested 
occasionally since re-treatment of substrates is possible [50]. 
It has been found that the storage properties and the vapor perme-
ability of brick and mortar samples do not significantly change after 
hydrophobization, although the drying rate of the hydrophobized ma-
terial is significantly lowered due to the reduced liquid transfer [21,22, 
56]. The impregnation depth is higher in brick than in mortar and the 
redistribution of the active ingredient creates a first strong hydrophobic 
layer and a second area that is partially hydrophobized. The active 
ingredient continues to spread for many months after treatment 
increasing the partially hydrophobized area, positively influenced by 
the after-treatment water exposure [21]. As long as impregnation depth 
increases, the drying speed of the masonry decreases. For how long the 
active ingredient could spread inside the material and whether 
after-treatment water exposure continues to influence the impregnation 
depth should be addressed in future work. 
Material properties are very important in determining the input 
parameters of hygrothermal simulations, which can be very helpful in 
the decision-making process to renovate and design a building [57–61]. 
Hydrophobization is proven to significantly reduce the absorption co-
efficient of both brick and mortar [21,22,62]. Moreover, hygrothermal 
simulations using experimental results to imitate the hydrophobic layer 
illustrate that hydrophobization is the missing element for a 
moisture-safe energy renovation of internally insulated masonry walls, 
regardless of the insulation system [10]. But for the hygrothermal sim-
ulations to be proven true, the hydrophobic layer should be durable 
through aging; the absorption coefficient of both brick and mortar 
should stay at low levels. The fact that absorption coefficient remained 
at very low levels after artificial aging both in brick and mortar (Fig. 4), 
in combination with no water-penetration both in the artificially aged 
samples and the six-year-old hydrophobized mock-up walls (Fig. 5), 
builds more confidence in the results of the hygrothermal simulations 
[10]. These results indicate that an internally insulated hydrophobized 
wall could provide a moisture safe construction. However, high mois-
ture loads from the interior of the building could still be a risk for the 
wall even when hydrophobization eliminated the wind-driven rain load. 
There were two main limitations in this study: firstly, in a wall of a 
building, there is the interaction between brick and mortar during the 
contraction/expansion of the materials, or other factors that may induce 
cracks after treatment, a scenario that is not taken into consideration 
when performing durability tests on brick and mortar separately. The 
second limitation is that during the artificial aging the temperature re-
mains constant at 38 
◦
C inside the cabinet and the samples were not 
exposed to low temperatures in order to investigate the risk of frost 
damage which may give too optimistic outcome in this study. Moreover, 
the retrofit of internal insulation increases the frost damage risk [63], 
thus making the risk of frost damage a very important aspect to be 
tested. 
The current findings have important implications for practitioners 
and policymakers since the hygrothermal benefits of the combined effect 
of hydrophobization and internal insulation [10,18,64] can be obtained 
only if hydrophobization maintains its water repellency performance 
through aging which needs further studies involving exposure to frost to 
be fully revealed. 
5. Conclusions and perspectives 
In this paper, the durability of the hydrophobic layer in brick and 
mortar samples was experimentally studied. The water repellent agents 
were proven to successfully block capillary effects while avoiding 
efflorescence at the treated substrate during the process of artificial 
aging. Karsten tube tests revealed zero water penetration both on 
hydrophobized samples from artificial aging and on hydrophobized 
mock-up walls. Moreover, UV radiation was found responsible for the 
declined beading effect while the after-treatment water exposure seems 
to influence the water repellency of the treated samples in a positive way 
since the absorption coefficient is further reduced throughout the pro-
cedure of accelerated aging, for all the tested building materials. 
Future studies could reveal the frost damage risk in hydrophobized 
samples compared to untreated. Moreover, future research would 
benefit from focusing on Karsten tube tests in buildings hydrophobized 
years ago. Further investigation should include more types of building 
materials like natural stone and concrete. The results of the current 
paper and [10] could be used as input in a life cycle cost assessment of 
hydrophobization in combination with internal insulation which could 
contribute to a holistic view of hydrophobization. 
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